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Acoustic response of an injection
system to high-frequency transverse
acoustic fields
A Ficuciello1,2, F Baillot1, JB Blaisot1, C Richard3 and M The´ron2
Abstract
The acoustic coupling between the injection system and the acoustic fluctuations in liquid rocket engine combustion
chambers is an important issue in the understanding of the thermo-acoustic instability phenomenon. This paper presents
the results of a wide-ranging parametric investigation of the acoustic response of a two-phase injection system submitted
to a forced high-amplitude transverse acoustic field. Two domes, one for the gas and one for the liquid, were expressly
designed to feed three identical coaxial injectors. The internal mode shapes of the domes were characterized by
measuring pressure signals at different locations in the domes. Experimental mode shapes showed good agreement
with those predicted by numerical simulations. Acoustic pressure amplitudes up to 23% of those induced in the main
cavity can be found in both the gas and liquid domes. The response efficiency in a dome depends on the position of the
injectors’ exit in the acoustic field.
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1. Introduction
The development of liquid rocket engine propulsion
systems has historically been plagued by the phenom-
enon of combustion instabilities.1,2 Several programs
have been devoted to the investigation of this problem
and both full-scale and sub-scale tests have been per-
formed.3,4 Hot ﬁre tests indicate that among the diﬀer-
ent types of combustion instabilities, high-frequency
transverse instabilities are considered as the most
harmful for liquid rocket engine operations.
Although many years of research have been dedi-
cated to solving the problem, there is still a lack of
knowledge. The main problem comes from the numer-
ous processes and sub-processes involved, as well as
from the complexity of their potential interactions.
Combustion in liquid rocket engines is never perfectly
steady and ﬂuctuations of pressure, temperature, and
velocity are always present. Since the sub-processes
that occur in between the injection and the chemical
reactions are dependent on the combustion chamber
pressure and aerodynamics, a feedback mechanism
able to amplify the natural acoustic modes in a com-
bustion chamber is often encountered.5,6 The feedback
mechanisms are commonly sub-classiﬁed into intrinsic
and injection-coupled mechanisms.1,6 The intrinsic
mechanism implies that only the processes taking
place after the propellant injection are responsible for
the pressure ﬂuctuation ampliﬁcation in the chamber.
The inﬂuence of these processes on liquid rocket engine
combustion instability has been largely investigated in
the literature1,7,8 by treating sub-scale combustors, in
lab-scale devices in sub-critical and super-critical con-
ditions and by considering reacting9–11 and non-
reacting ﬂows.12,13 In the injection-coupled mechanism,
the acoustic ﬂuctuations in the combustion chamber
interact with the natural frequencies of the injection
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system, causing ﬂow-rate ﬂuctuations which contribute
signiﬁcantly to the acoustic pressure ampliﬁcation. It is
thus clear that the design of the injection system, in par-
ticular that of the injectors, represents a key element for
the stability of rocket engines. In 1969, Heidmann and
Groeneweg14 identiﬁed the injection-chamber acoustic
coupling as a driving mechanism for high-frequency
instabilities and demonstrated that pressure ﬂuctuations
may be suppressed through appropriate acoustic design
of the manifold. Research activities on the Common
Research Combustor at the German Aerospace Center
(DLR) highlighted the importance of the characteriza-
tion of the acoustic modes of the injection system/
chamber, in the interpretation of experimental
results,15–17 and a numerical study on the same experi-
mental set-up also highlighted the impact of coupled
acoustic cavities on resonance frequencies.18 Injection-
chamber coupling phenomenon has been also treated by
Hardi et al.19–21 The use of an acoustic baﬄe in the
hydrogen manifold was necessary in that case to
reduce acoustic coupling. The impact of acoustic cou-
pling between the injection system and combustion
chamber in an another DLR sub-scale model combustor
has been recently investigated by Urbano et al.22 who
used high-performance large-eddy simulation in com-
bination with computational acoustics to simulate com-
bustion instabilities in this combustor. By triggering
instabilities in the chamber, they were able to obtain
limit cycles and acoustic activity in the injection domes
that successfully compared with experiments.
This paper focuses on the interaction between the
injection system acoustics and acoustic transverse ﬂuctu-
ations forced in the main chamber. The injection system
is composed of three coaxial injectors and two injection
domes, one for the gas and one for the liquid. The acous-
tic ﬁeld is forced in a semi-open resonant cavity by four
compression drivers. A parametric investigation is per-
formed in order to characterize the sensitivity of the
injection system to some of its key geometrical features.
It will be shown that the response of the injection
system is strongly aﬀected by the position of the injec-
tors along the acoustic axis, by the size of the domes,
and by the dimensions of the connections between
domes and injectors. Some of the experimental results
are compared with numerical simulations performed
with COMSOL Multiphysics Software. The software
was also used in the design process of the two injection
domes. Some key aspects of the design procedure are
discussed hereafter.
2. Experimental set-up
The experimental set-up, presented in Figure 1, is com-
posed of an acoustic semi-open resonant cavity with
two parallel and vertical steel plates, a roof and a
ﬂoor, both made of polyvinyl chloride. A pair of
Beyma CP850Nd compression drivers is placed on
each vertical plate to excite the second transverse
mode of the cavity. The resulting acoustic ﬁeld is char-
acterized by a pressure anti-node (PAN) in the center of
the cavity, two velocity anti-nodes (VANs), and four
intensity anti-nodes (IANs). IAN is deﬁned as the loca-
tion where the product of the acoustic pressure and
velocity ﬂuctuations is maximum in the cavity. In the
reference frame, ~x is the horizontal direction parallel to
the cavity walls; ~y is the direction perpendicular to the
walls and aligned with the acoustic axis, a.a.; and ~z is
the vertical descending direction. Acoustic pressure
peak-to-peak amplitudes up to 12,000 Pa are reached
in the cavity at a frequency of 1 kHz.
This experimental set-up was previously used to
characterize the inﬂuence of the acoustic ﬁeld on the
atomization process by using one to three identical
coaxial liquid/gas injectors, fed by independent
lines.23–26 Water and air were used as working ﬂuids.
Injectors’ geometries considered here are representative
of actual liquid rocket engine devices.
Here, the injection system has been modiﬁed by
implementing two injection domes (one for the gas and
one for the liquid), in order to link the three injectors.
The entire system is conceived in such a way that a large
number of design parameters can be modiﬁed to inves-
tigate their inﬂuence on the acoustic coupling. In add-
ition to these geometrical parameters, the injection
conditions and the position of the injection system
along the acoustic axis are also considered. The injection
system assembly is shown in Figure 2 along with the
main cavity. Three diﬀerent conﬁgurations are shown:
. IAN-PAN-IAN: The central injector’s exit is placed
at the PAN and the two lateral ones at two IANs.
The three injectors’ exits are submitted to in-phase
cavity pressure ﬂuctuations symmetrically distribu-
ted relatively to the central plane (PAN);
Figure 1. Schematic representation of the experimental set-up:
main resonant cavity with two injection domes.
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. PAN-IAN-VAN: The three injectors’ exits are
submitted to diﬀerent excitation conditions:
VAN, IAN, and PAN, respectively. Acoustic pres-
sure ﬂuctuations in between VAN and PAN are
in-phase and the amplitude decreases from PAN
to VAN;
. IAN-VAN-IAN: The central injector’s exit is placed
at the VAN and the two lateral ones at two IANs,
oscillating out-of-phase (non-symmetric excitation
conditions).
Details of the gas and liquid domes are given in
Figure 3. Pressure signals are recorded at diﬀerent loca-
tions in the two injection domes. Up to four pressure
transducers (PCB 106B) can be placed on the gas dome
at the same time in order to characterize its acoustic
response (see Figure 4). The liquid dome is provided
with two pressure transducers PCB 113B28, which are
ﬂush-mounted inside the pistons as shown in Figure 4.
A reference pressure is also measured in the main cavity
at PAN.
A total of 180 test conﬁgurations were investigated
to characterize the acoustic response of the gas dome,
combining:
. ﬁve dome sizes indicated as GD0, GD2, GD4, GD6,
and GD8, with GD0 representing the smallest dome
volume and GD8 the largest. The dome sizes scale
linearly with their indexes;
. three injector connection diameters (scaled with the
outer injector’s exit diameter): dor¼ 0.375, dor¼ 0.75,
and dor¼ 1.125;
. four air mass ﬂow rates (scaled with the biggest
mass ﬂow rate): ~mair ¼ 0, ~mair ¼ 0:4, ~mair ¼ 0:7,
and ~mair ¼ 1; and
. three spatial conﬁgurations of the injection system
with respect to the acoustic axis (see Figure 2).
Figure 2. Scheme of the injection system placed on the main cavity roof according to three test configurations.
Figure 4. Schematic representation of pressure transducer
locations in the gas dome (left side) and in the liquid dome (right
side). Pressure transducers are represented in yellow.
Figure 3. Gas dome, GD, (left side) and liquid dome, LD,
(right side) internal domains considered in the numerical
simulations.
Ficuciello et al. 3
The maximum mass ﬂow rate considered here
( ~mair ¼ 1) corresponds to a Weber number
Weg ¼ gU2gDl= ¼ 400. g and Ug are respectively
the density and velocity of the air, Dl is the liquid
post diameter, and  is the water surface tension.
For the investigation of the liquid dome acoustic
response, 60 test cases have been performed,
combining:
. ﬁve dome sizes noted as LD0, LD05, LD1, LD15,
and LD2, with LD0 representing the smallest dome
volume and LD2 the largest;
. two injector connection lengths (scaled with the
injector length): Lj¼ 0.387 and Lj¼ 0.548;
. two injector connection diameters (scaled with the
injector’s exit diameter): dj¼ 0.67 and dj¼ 1; and
. three spatial conﬁgurations of the injection system
with respect to the acoustic axis (see Figure 2).
The liquid is injected at a Reynolds number
Rel ¼ DlUl=l ¼ 2000. Ul and l are the liquid velocity
and the kinematic viscosity, respectively.
The ability to change the size of the two domes, the
kind of connections, and the position of the injection
system along the acoustic axis provides a unique cap-
acity for testing several resonant and coupling condi-
tions with the same test bench.
The entire set-up is placed in an acoustically isolated
room. A LabVIEW interface and an NI cDAQ module
are used to manage the experiments. Dedicated soft-
ware has been developed to automate generation and
acquisition of the acoustic signals and to synchronize
image acquisition when needed.
3. Dome characteristics
The two injection domes have been designed by taking
into account the geometry of the three injector bodies
that were already available. This ﬁxed some constraints
in terms of the domes’ geometry. Domes’ eigenmodes
identiﬁcation has been carried out with the Acoustics
optional package of the ﬁnite element solver of
COMSOL Multiphysics. Simulations were performed
with the pressure acoustics module in which the
Helmholtz equation is solved in the frequency domain
without source terms. Acoustic pressure is the only
variable of the problem. The numerical parametric ana-
lysis determined the geometry (size, shape. . .) for the
two injection domes. Figure 3 shows the ﬁnal internal
domains of the two domes considered in the simula-
tions. These geometries have been used to calculate
the domes’ eigenmodes. The boundary conditions
imposed at the injectors’ exit plane are those of an
open boundary (p¼ 0) while all other surfaces are trea-
ted as rigid walls (i.e., zero normal acoustic-velocity
ﬂuctuations); no mass ﬂow rate is considered in the
simulations.
The shapes and the sizes of each dome were selected
to obtain eigenfrequencies, fm,n,p close to the frequency
of the acoustic ﬁeld forced in the main cavity, e.g.,
1 kHz. Here m, n, and p indicate the number of nodes
respectively in the direction ~x, ~y, and ~z.
The gas dome GD (left side in Figure 3) presents a
rectangular section and encloses a part of the three
injector bodies. The link between an injector and the
dome is ensured by two diametrically opposite holes
drilled in the injector body. The diameter of these
holes dor can be changed by replacing the internal
insert. The length LGD and the height HGD of the
dome were ﬁxed as simulations indicated that the
width WGD of the dome was the parameter that most
strongly aﬀected the resonant modes of interest. Thus,
two pistons were placed on the vertical boundary sur-
faces in order to vary the dome size WGD. The smallest
gas dome volume will be indicated in the following as
GD0 and the largest one as GD8.
The mode shapes GD-A, GD-B, and GD-C of the
three GD eigenfrequencies closest to 1 kHz, predicted
by the simulations, are reported in Figure 5 for
dor¼ 1.125. Characterization of numerical mode
shapes is given as a function of the reduced coordinates:
~xg ¼ x=WGD8 and ~yg ¼ y=LGD. Figure 5(a) represents
the real part of the complex pressure amplitude distri-
bution calculated for GD0. The envelope proﬁles of the
pressure amplitude of the acoustic waves along ~xg and
~yg are also reported in Figure 5(b) and (c). These
proﬁles are calculated at the gas dome mid-height
(HGD/2) for ~yg ¼ 0:16 and ~xg ¼ 0:11 respectively (see
Figure 5(a)). The inﬂuence of the dome size on the
mode frequencies is indicated in Figure 6.
For mode GD-A, numerical acoustic pressure distri-
butions indicate that, in the vertical planes
~yg ¼ constant, all points are in-phase (see Figure 5(a))
and acoustic pressure has a maximum at ~xg ¼ 0 and
decreases toward the dome boundaries at ~xg ¼ 0:5.
The vertical symmetry plane ~yg ¼ 0 is the nodal
plane, f0,1,0 (see Figure 5(c)). Calculations indicate
(Figure 6) that the eigenfrequency associated with
mode GD-A increases from 950 to 1005Hz by increas-
ing the dome size.
Mode GD-B presents a spatial structure similar to
GD-A along the ~xg-axis (see Figure 5(b)). In every
plane ~zg ¼ constant, two nodal lines parallel to ~xg are
identiﬁed, f0,2,0 (see Figure 5(c)). In both plots, curves
corresponding to GD0, GD4, and GD8 are superim-
posed. Increasing the dome size does not aﬀect the
associated eigenfrequency, which varies between 1040
and 1050Hz.
The third mode, named GD-C, changes its shape as
the dome size is increased. For GD0, GD2, and GD4 all
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points in the dome cavity are in phase (see Figure 5(a))
and the dome acts as a Helmholtz resonator (f0,0,0). For
GD6 and GD8, two nodal lines appear in the ~yg-direc-
tion (f2,0,0). In the ~xg-direction, acoustic pressure amp-
litudes at the pistons’ walls are of the same order of
magnitude as those observed for GD0. Increasing the
dome size produces an associated eigenfrequency which
decreases from 1100 Hz to roughly 1040Hz. The fre-
quency response of the three modes GD-A, GD-B, and
GD-C (Figure 6) are in agreement with the experimen-
tal characterization of the dome frequency response
reported in Appendix 1. Indeed, dome frequency
response to a white noise excitation indicates that by
increasing the dome size the eigenfrequencies of the
dome get closer to the forcing frequency. In
Figure 15, a narrowing of the eﬀective spectrum is
noted when the size increases from GD0 to GD8.
The liquid dome LD (right side in Figure 3) has a
cylindrical geometry. The diameter of the dome dLD is
ﬁxed in this analysis, while its length LLD can be varied
by means of two pistons. The smallest liquid dome
volume is indicated in the following as LD0 and the
largest as LD2. The dome is connected to the injectors
by three connection junctions. The length Lj and the
diameter dj of the junctions are two adjustable
parameters.
Figure 7 represents two eigenmodes predicted by the
simulations. The real part of the complex pressure amp-
litude distributions are represented in Figure 7(a) while
the envelope proﬁles of the pressure amplitude
calculated along the liquid dome symmetry axis (see
Figure 7(a): ~xg ¼ ~zg ¼ 0) are reported in Figure 7(b).
Reduced coordinates considered for the liquid mode
characterization are ~xl ¼ x=dLD, ~yl ¼ y=LLD, and
~zl ¼ z=dLD. The corresponding eigenfrequencies are
shown in Figure 8 as functions of the liquid dome
size. The eigenfrequency associated to mode LD-A is
around 1000Hz for all dome sizes. If the eigenmode is
excited all points in the whole domain are in-phase
(f0,0,0). Mode LD-B is reported here even though its
Figure 5. Gas dome mode-shapes obtained with COMSOL Multiphysics: (a) real part of the complex pressure amplitude distri-
bution for GD0 (dor¼ 1.125); (b) envelope profiles of pressure amplitudes at ~yg ¼ 0:16 w.r.t. ~xg ¼ x=WGD8; (c) envelope profiles of
pressure amplitudes at ~xg ¼ 0:11 w.r.t. ~yg ¼ y=LGD (¼GD0; *¼GD4; /¼GD8; dor¼ 1.125).
Figure 6. Gas dome eigenfrequencies as function of dome size
(dor¼ 1.125).
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corresponding eigenfrequency is around 3500Hz,
because its spatial structure indicates the presence of
a pressure node at the central injector, whilst the extre-
mities of the two domes oscillate out-of-phase.
4. Results and discussion
All tests have been performed by forcing the second
transverse cavity mode at a frequency of 1 kHz and at
the maximum available acoustic pressure level corres-
ponding to a peak-to-peak amplitude of 12 kPa at
PAN. Results indicate that both gas and liquid domes
are sensitive to acoustic coupling.
4.1. Acoustic response of the gas dome
For all the tested conﬁgurations, results indicate that
the response of the injection system is strongly aﬀected
by the acoustic conditions imposed at the injectors’ out-
lets and by the design parameters. Figures 9 and 10
show the peak-to-peak acoustic pressure amplitudes
measured with the pressure transducers inside the
Figure 9. Peak-to-peak acoustic pressure measurements in the
gas dome as a function of the dome size for the three connection
diameters at: (a) IAN-VAN-IAN, ~mair ¼ 0 and (b) IAN-VAN-IAN,
~mair ¼ 1 (*¼ PTl0; *¼ PTc0; } ¼ PTr0; / ¼ PTl1; red dor¼ 0.375;
blue dor¼ 0.75; black dor¼ 1.125).
Figure 10. Peak-to-peak acoustic pressure measurements in
the gas dome as a function of the dome size for the three
connection diameters at: (a) PAN-IAN-VAN, ~mair ¼ 1 and
(b) IAN-PAN-IAN, ~mair ¼ 1 (*¼ PTl0; *¼ PTc0; } PTr0; / PTl1;
red dor¼ 0.375; blue dor¼ 0.75; black dor¼ 1.125).
Figure 7. Liquid dome mode-shapes obtained with COMSOL
Multiphysics: (a) real part of the complex pressure amplitude
distribution (LD1); (b) envelope profiles of pressure amplitudes
w.r.t. ~yl ¼ y=LLD (¼ LD0; *¼ LD1; /¼ LD2; Lj¼ 0.548;
dj ¼ 0:67).
Figure 8. Liquid dome eigenfrequencies as a function of dome
size (Lj¼ 0.548, dj¼ 0.67).
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dome, while Figure 11 summarizes the pressure trans-
ducers’ phase-shifts.
In all the conﬁgurations, the acoustic level measured
in the gas dome decreases as its size is increased.
Indeed, a crucial decrease in energy density associated
with the eigenmodes is observed in data reported in
Figure 15 in Appendix 1. A decrease of the acoustic
pressure amplitude in the gas dome is also observed
by increasing the mass ﬂow rate due to an increase in
the pressure drop. Similarly, decreasing the oriﬁce
diameter dor also induces an increase in the pressure
drop and a lower response.
Figure 11. Experimental phase-shifts between the PTl0 signal and PTc0, PTr0, PTl1, and PTref signals as functions of the dome size, for
dor¼ 0.75 (left side) and dor¼ 1.125 (right side) at: (a) IAN-VAN-IAN, (b) PAN-IAN-VAN, and (c) IAN-PAN-IAN.
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The IAN-VAN-IAN conﬁguration indicates the
strongest acoustic response. The maximum acoustic
pressure ﬂuctuation in the domes is 2800 Pa, i.e., 23%
of the acoustic pressure level measured at PAN in the
main cavity. This ﬂuctuation is measured without any
ﬂow rate while for the maximum ﬂow rate considered
here, ( ~mair ¼ 1) the acoustic pressure ﬂuctuation amp-
litude reaches only 2000 Pa, i.e., 17% of the acoustic
level at PAN in the main cavity. The three pressure
transducer signals PTl0, PTr0, and PTl1 have the same
acoustic pressure ﬂuctuation amplitudes. Moreover,
PTc0 shows a quasi null signal (see Figure 9). Pressure
ﬂuctuations of PTl0 and PTl1 are in-phase while of PTl0
and PTr0 are always out-of-phase irrespective of the
dome size. All these features are in accordance with
the eigenmode GD-A of the gas dome presented in
Figure 5: all points in vertical planes ~yg ¼ constant
are in-phase (see Figure 5(a) and (b)) and ~yg ¼ 0 is a
nodal plane (see Figure 5(c)). Pressure transducers PTl2
and PTl3 provide complementary information on the
acoustic pressure distribution inside the dome. As
shown in the study of Ficuciello,27 these measurements
show a global trend of decrease of the pressure ampli-
tude along ~xg. This is also consistent with mode GD-A
(Figure 5(a)) where coordinates ~xg ¼ 0:17, ~xg ¼ 0:32,
and ~xg ¼ 0:47 correspond to the locations of PTl1,
PTl2, and PTl3, respectively. Finally Figure 9 indicates
that for ~xg ¼ 0:17, pressure amplitude decreases when
dome size is increased. In combination with the identi-
ﬁcation of mode GD-A, this indicates that a decrease
of the pressure amplitude is likely to occur in the
whole dome.
A decrease of the acoustic pressure amplitude in the
gas dome is also observed by decreasing the oriﬁce
diameter dor. The inﬂuence of the size of dor, on the
acoustic coupling between the gas dome and the main
cavity, can also be noticed in the phase-shift between
the signal of PTl0 and the signals of PTc0, PTr0, PTl1,
and PTref, which are reported in Figure 11 (PTref is the
signal of the transducer placed in the main cavity at
PAN). With dor¼ 1.125, acoustic coupling is facilitated
and the phase-shift between PTl0 and PTref varies con-
tinuously with the dome size. Since the change in the
dome size modiﬁes the internal mode shapes, the phase-
shift between two spatially ﬁxed points is aﬀected. The
phase-shift inside the gas dome, i.e., between PTl0 and
PTc0, also varies from 45
 to 90, due to the modiﬁca-
tion of the dome’s internal mode shapes. The phase
diﬀerence between VAN and IAN is expected to be
diﬀerent from zero. Indeed, it was shown by Ca´ceres
et al.28 that in the vicinity of a VAN of such a trans-
verse acoustic ﬁeld phase-shift varied continuously
from 0 to þ . Thus, in our case, the phase diﬀerence
between VAN and IAN is expected to be diﬀerent
from zero.
On the contrary, with dor¼ 0.75, the phase-shifts are
independent of the dome size. Indeed, the boundary
condition near the oriﬁce is not far from that given
by the wall condition; thus, measurement at PTl0 does
not vary with the size of the gas dome. Thus, the mode
shapes established in each cavity are not dependent on
each other and the phase-shift between PTl0 and PTref
remains ﬁxed, as well as the phase-shift between PTl0
and PTc0 which is always 50
.
At PAN-IAN-VAN, the maximum acoustic
response of the injection system is 1600Pa. In this con-
ﬁguration, the dome is submitted to the largest pressure
ﬂuctuation range, due to the presence of both pressure
and VANs, at the injectors’ exits (see Figure 2).
As explained before, for the IAN-VAN-IAN conﬁgur-
ation in the vicinity of the VAN, phase-shift is expected
to vary continuously from 0 to þ. Measurements are
thus very sensitive to the position of the pressure trans-
ducers, which causes the phase-shifts of PTl0 with PTc0,
PTr0 and PTref to vary with the dome size for both
dor¼ 0.75 and dor¼ 1.125 (see Figure 11(b)). The acous-
tic pressure ﬂuctuations inside the dome decrease when
the dome’s size is increased, which is in agreement with
calculations as shown in Figure 5.
At IAN-PAN-IAN, the maximum acoustic response
of the injection system is 800 Pa. This conﬁguration is
centered in the cavity. The three injectors are submitted
to in-phase acoustic pressure ﬂuctuations, with ampli-
tudes larger than those of the two previous cases. The
acoustic condition imposed in this case facilitates the
establishment of the GD-C mode (see Figure 5 mode
GD-C). This is conﬁrmed experimentally by in-phase
(see Figure 11(c)) and same-amplitude (see Figure 10)
pressure signals in the dome. As observed earlier, the
gas dome is more likely to respond to acoustic excita-
tion for larger junction diameters. For dor¼ 0.75,
phase-shifts are independent of the dome size, while
for dor¼ 1.125, they change slightly as dome size is
Figure 12. Acoustic pressure amplitude with acoustic coupling
in the cavity along the gas dome width. Numerical results are
compared to experimental measurements (each curve is scaled
by the maximum value Ai, with i  ð1,3Þ).
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increased. This slight change is due to the fact that the
mode shape changes in this case. Indeed, simulations
indicate that when dome size is increased, the eigen-
mode changes its mode shape (see Figure 5 mode
GD-C). A good agreement between pressure ampli-
tudes measured by PTl1, PTl2, and PTl3 and those pre-
dicted by simulations is shown in Figure 12. In this
case, simulations take into account the main cavity
and the gas dome simultaneously. The Helmholtz equa-
tion is solved with boundary conditions at the
loudspeakers corresponding to a given normal har-
monic acceleration ﬂuctuating at the forcing frequency.
Numerical curves are scaled by the maximum
experimental value, indicated as Ai in the ﬁgure.
Figure 13. Acoustic response of the liquid dome as a function of the dome size for the three connection lengths at: (a) IAN-VAN-
IAN, (b) PAN-IAN-VAN, and (c) IAN-PAN-IAN.
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The appearance of the nodal line is clearly visible at
GD8. Increasing the dome size at IAN-PAN-IAN
does not induce a decrease of acoustic pressure ﬂuctu-
ation amplitudes in all points, as it does in the other
two conﬁgurations. Indeed, pressure amplitude mea-
sured with PTl3 at GD8 is higher than the one measured
by PTl0 at GD0, due to the mode-shape veering.
Acoustic pressure amplitudes detected in the dome
are always lower than 800 Pa, which corresponds to
6.7% of the acoustic pressure amplitude imposed in
the main cavity at PAN. However, even when the
cavity acoustic pressure amplitudes are maximum at
IAN-PAN-IAN, the response of the dome in this con-
ﬁguration is always lower than in the other two cases.
The fact that the maximum acoustic response in the
dome does not correspond to the maximum acoustic
pressure ﬂuctuations in the cavity indicates that the
dome acoustics has an important role in the acoustic
interaction between the injection system and the main
cavity.
The acoustic response of the gas dome strongly
depends on the considered parameters and the depend-
ence on such parameters has a unique tendency. For all
conﬁgurations, the acoustic coupling between the dome
and the main cavity is weakened by increasing the mass
ﬂow rate and the dome size and by decreasing the con-
nection diameters. The only exception is represented by
IAN-PAN-IAN. In this latter conﬁguration, acoustic
pressure amplitudes measured in the dome decrease
with the dome size until GD6; for a further increment
of the dome size, the acoustic pressure amplitudes
measured in the gas dome increase. By changing the
position of the dome with respect to the acoustic axis,
diﬀerent excitation conditions are imposed on the injec-
tion system and consequently diﬀerent mode shapes are
excited inside the injection dome. Mode shapes
observed experimentally are in agreement with the
numerical simulations.
4.2. Acoustic response of the liquid dome
Figure 13 shows the amplitudes recorded by PTl and
PTr (schematic representation in Figure 4), while
Figure 14 shows the phase-shift between their signals.
Both quantities are expressed as functions of the dome
size, Lj and dj for the three spatial conﬁgurations
considered (IAN-VAN-IAN, PAN-IAN-VAN, and
IAN-PAN-IAN).
For the IAN-VAN-IAN conﬁguration, the liquid
dome’s acoustic pressure amplitudes (Figure 13(a))
are always lower than 1200 Pa (10% of the maximum
acoustic pressure in the main cavity). Changing the
junction diameter or length, or the dome size the
liquid dome response, does not present a uniform
trend. But for Lj¼ 0.387, the acoustic pressure
measurement of PTl continuously decreases with
increasing dome size, especially for dj¼ 1. As shown
in Figure 14(a), the acoustic pressure signals measured
with PTl and PTr tend to be out-of-phase. The phase-
shift between transducers suggests a spatial distribution
of the acoustic pressure similar to that of the LD-B
mode shape (see Figure 7). However, the power spectral
density does not present any content around 3500Hz.
In the PAN-IAN-VAN conﬁguration, the response
is more sensitive to the dome size and the acoustic
pressure amplitudes decrease with the dome size (see
Figure 13(b)). A peak is measured for LD05: it equals
2000 Pa for the shortest junction length and diminishes
to 1200 Pa for the longest one. The phase-shift between
the transducers ranges between 40 and 120, as shown
in Figure 14(a), which does not correspond to that of
the simple eigenmodes calculated and presented in
Figure 5.
For the IAN-PAN-IAN conﬁguration and for
Lj¼ 0.387, acoustic pressure amplitudes (Figure 13(c))
are the lowest and do not exceed 700Pa. For Lj¼ 0.548,
a stronger response of the liquid dome is obtained.
Figure 14. Experimental phase-shift between the PTl and PTr
signals as a function of the dome size and Lj at: (a) IAN-VAN-IAN,
(b) PAN-IAN-VAN, and (c) IAN-PAN-IAN.
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For dj¼ 0.67, two peaks are observed for LD0 and
LD1, 1600 Pa and 1250 Pa, respectively. In Figure
14(c), the phase-shift between left and right transducers
indicates that signals are perfectly in-phase for dj¼ 1
and Lj¼ 0.387, in agreement with the onset of the
mode LD-A (see Figure 7, mode LD-A). For dj¼ 1
and Lj¼ 0.548, the response is more complex. For
dj¼ 0.67, the pressure transducers phase-shift decreases
from 100 to 0 for Lj¼ 0.387 and from 60 to 0 for
Lj¼ 0.548.
Results indicate that in some conditions, the liquid
dome can present acoustic pressure ﬂuctuations of the
same order of magnitude as that observed in the gas
dome. The general tendency is to reduce the acoustic
response by increasing the dome size. However, results
indicate that the liquid dome’s acoustic response is
more complex than that of the gas dome since ampli-
tude ﬂuctuations are not aﬀected in a unique manner by
the investigation parameters.
5. Conclusion
The acoustic interaction between a high-amplitude
transverse acoustic ﬁeld and an injection system has
been investigated. A wide-ranging parametric analysis
has been performed and the response of the system has
been tested in several conﬁgurations. The objective of
this investigation was to observe how an injection
system could respond to the acoustic pressure ﬂuctu-
ations coming from an instability established in a com-
bustion chamber.
Two injection domes, one for the gas and one for the
liquid, have been expressly designed in order to inves-
tigate the acoustic coupling at the forcing frequency of
1 kHz. The two domes were used to feed three coaxial
injectors similar to those used in liquid rocket engine
applications.
By changing the position along the acoustic axis,
diﬀerent excitation conditions are imposed on the injec-
tion system and thus diﬀerent mode shapes are excited
inside the injection domes. In most of the cases, eigen-
mode simulations allow the mode shapes excited experi-
mentally to be identiﬁed. However in some cases, the
response of the domes, particularly of the liquid dome,
is more complex and direct identiﬁcation is not
possible.
The response of the injection system is strongly
aﬀected by the acoustic boundary conditions at injector
outlets and by all the geometrical parameters con-
sidered here. In all the conﬁgurations, the acoustic cou-
pling between the gas dome and the main cavity is
weakened by increasing the mass ﬂow rate and the
dome size, and by decreasing the diameter of the ori-
ﬁces between the injectors and the gas dome. The only
exception is represented by the IAN-PAN-IAN
conﬁguration, in which an excessive increase of the
dome size causes an increase of the acoustic response
due to a shape modiﬁcation of the exited mode (see
Figure 12). For the IAN-VAN-IAN conﬁguration, the
boundary conditions imposed at the injector’s exit
plane, in terms of acoustic pressure amplitudes in the
main cavity, are lower than those corresponding to
PAN-IAN-VAN and IAN-PAN-IAN conﬁgurations.
But, the gas dome shows the strongest acoustic
response for this conﬁguration. This indicates that the
dome acoustics plays a role in the acoustic coupling
mechanism between the main cavity and the injection
system.
Concerning the liquid dome response, the general
tendency is to discourage the acoustic coupling by
increasing the dome’s size. The liquid dome’s
response does not seem to be strongly sensitive to the
parameters studied here for the IAN-VAN-IAN
conﬁguration except for the acoustic pressure measure-
ment of PTl with Lj¼ 0.387 which continuously
decreases with increasing dome size. But, the liquid
dome shows a strong acoustic response in some
conditions for PAN-IAN-VAN and IAN-PAN-IAN
conﬁgurations.
The main conclusion is that both liquid and gas
domes show a strong response to the transverse acous-
tic ﬁeld established in the main cavity. The maximum of
acoustic pressure ﬂuctuation amplitudes attains 23% of
the amplitudes of the acoustic pressure forced in the
main cavity (without mass ﬂow rate). In an actual pro-
pulsion system, such a high level of ﬂuctuations in the
injection dome could induce strong mass ﬂow-rate
ﬂuctuations. In fact, mass ﬂow-rate ﬂuctuations can
contribute signiﬁcantly to the acoustic ﬂuctuation amp-
liﬁcation in the combustion chamber.
Moreover, the maximum response of the domes is
not observed in the conﬁguration where the injection
system is submitted to the highest acoustic pressure
ﬂuctuations of the cavity (IAN-PAN-IAN conﬁgur-
ation), but rather where the phase-shift conditions can
excite a particular dome eigenmode, as in the
IAN-VAN-IAN conﬁguration for the gas dome.
Domes’ geometries considered here do not replicate
actual rocket engine geometries. However, results pre-
sented in this study open the path to the deﬁnition of
general rules that could be used early in design phases,
together with numerical simulations, to anticipate and
justify the acoustic coupling behavior of domes/main
combustion device cavity and represent a starting
point for future investigation.
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Appendix 1. Gas dome frequency
response
The frequency response of the gas dome was investi-
gated experimentally with a procedure similar to that
found in the literature for the acoustic characterization
of combustion chambers with quarter wave cavities.29
A white noise signal was used to excite the dome. Dome
size was varied from GD0 to GD8 and acoustic pressure
was measured with the PTl1 pressure transducer (see
Figure 4). The signal spectrum was then calculated
and ﬁltered in between 900 and 1200Hz in order to
focus on the spectrum region around 1000Hz. Results
are shown in Figure 15 for GD0 and GD8.
By taking into account numerical results reported in
Figure 6, the three modes GD-A, GD-B, and GD-C
can be identiﬁed in the experimental spectrum of
Figure 15(a) at 970Hz, 1050Hz, and 1120Hz, respec-
tively. Mode GD-B has very low energy compared with
GD-A and GD-C, which is in agreement with Figure 5.
For GD8 (see Figure 15(b)) the frequencies correspond-
ing to GD-A and GD-C are closer than for GD0. This
narrowing of the spectrum is in agreement with
numerical results reported in Figure 6, in which eigen-
frequencies get closer as gas dome size is increased.
Moreover, by increasing the dome size, the density
energy around 1000Hz globally decreases, which
explains why gas dome acoustic response decreases by
increasing the dome size.
Figure 15. Experimental gas dome frequency response at
white noise excitation for: (a) GD0 and (b) GD8 (dor¼ 1.125).
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